INTRODUCTION
Genetic improvement has been crucial for production efficiency and economic growth in agriculture. This is no less true for the poultry industry. Over the last few decades, the poultry industry has shown a high rate of genetic progress.
Success of chicken meat production is strongly related to improvements in growth and carcass yield. The poultry market has excelled in the production of noble carcass parts and processed products (Le Bihan-Duval et al., 2003) . Therefore, intense selection for these traits may have also led to changes in meat quality attributes, such as tenderness in particular (Dransfield and Sosnicki, 1999) .
According to Park et al. (2002) , meat quality traits are essential for the processing industry and end consumers. As a result, these qualitative traits have been widely studied in breeding programs.
The use of genomics in animal production has allowed important advances in the quality of animal products by increasing the efficiency in crosses and in recognition of animal physiology (Hocquette et al., 2007) .
The advancement of biotechnology has brought new methods to poultry research. Today, single nucleotide polymorphisms (SNPs) are extensively used in poultry breeding research programs. SNPs can be used as genetic markers to track inheritance patterns of chromosomal regions across generations. They are also considered effective tools in the study of genetic factors associated with traits of economic interest (Brookes, 1999) . SNP markers are crucial in the discovery of new strategies for quantitative trait locus mapping and candidate gene studies.
In the present study, the calpain 1 (CAPN1) and calpain 3 (CAPN3) genes were selected based on previous findings demonstrating that these genes are related to performance, carcass, muscle development, and meat quality traits.
The CAPN1 gene encodes a cysteine protease protein that degrades myofibrillar proteins post-mortem; it is considered to be the primary enzyme involved in the postmortem meat tenderness process (Koohmaraie, 1996) . According to the National Center for Biotechnology Information database (NCBI, 2012) , there are 118 SNPs in the CAPN1 gene in chickens.
The CAPN3 gene is primarily related to muscular dystrophy and growth and plays an important role in myofibrillar integrity (Poussard et al., 1996) . This gene is specifically linked to connective muscle in regions where proteolysis has been associated with post-mortem meat tenderness (Taylor et al., 1995) . One hundred and fifty-two SNPs have already been described in chickens (NCBI public database, 2012) .
The purposes of the present study were 1) to identify polymorphisms in the CAPN1 and CAPN3 candidate genes, and 2) to study the association of these SNPs with traits of performance, carcass, muscle development, and meat quality in an experimental chicken population and in a commercial broiler population.
MATERIAL AND METHODS

Populations
In this study, we used 2 populations of chickens, an experimental F 2 population (Embrapa Swine and Poultry) and a commercial broiler population. The experimental population was an F 2 line (TCTC) developed by Embrapa Swine and Poultry through crosses between males from the broiler line (TT) and females of the layer line (CC). CC is a layer line breed of White Leghorn and the TT is a broiler line originated from the breeds White Plymouth Rock, New Hampshire, and White Cornish. Rosário et al. (2009) previously described these 2 lines (TT and CC) in detail. To study the commercial population, a database of an elite commercial flock (also called pedigree flock) of broilers from a breeding company was used. This commercial population was described in detail by Gaya et al. (2006 Gaya et al. ( , 2011 .
Phenotypes and DNA extraction
Details of the F 2 Embrapa population and phenotypic traits evaluated were described by Nones et al. (2006) .
Genomic DNA from birds of the F 1 and F 2 experimental populations was extracted from blood samples using the DNAzol reagent (Life Technologies, Carlsbad, CA, USA).
In the commercial population, we evaluated the following traits: selection body weight at 38 days, slaughter body weight, eviscerated carcass weight (EBW), breast weight without bones and skin (BRT), leg weight (LW), pH 24 h after slaughter, colorimetric values measured 24 h after slaughter [L* (lightness), a* (redness content), b* (yellowness content)], drip loss (DL), thawing loss (TL), thawing-cooking loss (TCL), total water loss (TWL), muscle fiber diameter, muscle fiber area, muscle fiber number per histological field, and shear force (SF). These characteristics were evaluated in the pectoralis major muscle in the skull-ventral portion. From the fragments of muscular tissue embedded in paraffin, genomic DNA was extracted by histological sectioning, and then a lysis solution (200 mM 
Selection of candidate genes
The CAPN1 and CAPN3 genes were selected based on previous functional evidence indicating that these genes are associated with performance, carcass, muscle development, and meat quality traits.
PCR conditions and sequencing
A pair of primers were designed for each gene to amplify exon and intron regions of chicken sequences of the CAPN1 and CAPN3 genes deposited in GenBank (accession Nos. NC_006090.3 and NC_006092.3; NCBI, 2012) using the Primer3 program (http://frodo. wi.mit.edu/). The quality of these primers was analyzed using the NetPrimer program (http:// www.premierbiosoft.com/netprimer).
Gene fragments were amplified by PCR using 20 ng genomic DNA, 2.5 µL 10X buffer (50 mM KCl, 10 mM Tris-HCl, pH 8.5), 0.3 mM MgCl 2 , 0.4 mM dNTP, 2 pmol of each primer, and 1 U Platinum Taq DNA polymerase (Life Technologies) in a final volume of 25 µL. Fragment amplification was performed as follows: initial denaturation at 95°C for 1 min, 30 cycles of 95°C for 1 min, the specific annealing temperature for each primer pair for 1 min, extension at 72°C for 1 min, and a final extension at 72°C for 10 min. The amplified fragments were evaluated on an agarose gel (1%).
PCR products were purified and sequenced according to the protocol of the Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Life Technologies). Sequencing reactions were purified and applied in the automated ABI PRISM 3100 Genetic Analyzer sequencer (Applied Biosystems, Foster City, CA, USA). Nucleotide sequences were edited, assembled, and analyzed using the Phred, Phrap, and Consed computer programs, respectively (Ewing et al., 1998; Gordon et al., 1998) .
Genotyping of polymorphisms
After detecting the polymorphisms in the Embrapa F 1 animal population, 2 SNPs, 1 of each gene (CAPN1 and CAPN3), were selected based on 2 more informative full-sib families (heterozygous genotypes) to genotype 152 F 2 animals from the Embrapa population and 311 broilers from the commercial population using allelic discrimination via the TaqMan detection system (Applied Biosystems).
Reactions were performed in a LightCycler 480 System II (Roche, Mannheim, Germany), using the endpoint genotyping method. Results were analyzed using the LightCycler 480 SW 1.5 software (Roche).
Statistical analysis
Allelic and genotypic frequencies were estimated for each locus by simple counting of alleles and different genotypes, respectively, as described by Falconer and Mackay (2001) .
To assess the implications of molecular results on all of the relevant traits in chickens, individual analyses were used, and each trait was considered to be a dependent vari-able. Genotypic effects found for both markers (CAPN1 and CAPN3) were evaluated from the general model presented below:
where Y ijkl is the phenotypic value observed for each trait; µ is a constant inherent to all observations; C i is the fixed effect of contemporaneous groups; S j is the random effect of male j with average 0 and variance σ 2 s
; M k is the fixed effect of the genotype for each marker of the SNPs that were evaluated (CAPN1 and CAPN3); e ijkl is the residual random effect associated with trait Y ijkl , with average 0 and s 2 e . According to Falconer and Mackay (2001) , estimates of additive effects (α) for each polymorphism can be obtained from the difference between the averages of homozygous genotypes, as the deviations attributable to dominance (δ) are estimated by the difference between the mean of the heterozygous genotype in relation to the average of the 2 homozygous genotypes. Estimates of additive effects and deviations attributed to dominance were assessed using a Student t-test (P < 0.05 was considered to be significant).
Estimates of medium effects of allele substitution for the polymorphisms evaluated in terms of genotypes were calculated using linear regression analyses, considering the number of favorable alleles (Falconer and Mackay, 2001) .
All analyses were performed using PROC FREQ and PROC MIXED functions of Statistical Analysis System version 9.2 (SAS Institute, Cary, NC, USA, 2004).
RESULTS AND DISCUSSION
Embrapa experimental population
Identification of polymorphisms in the CAPN1 and CAPN3 genes
Sequencing of target regions identified 5 polymorphic sites in the 2 populations that were studied. Four polymorphisms were identified in intron 5 of the CAPN1 gene (GGA3): g.2456T>A (ss494474888), g.2460C>T (ss494474889), g.2554T>C (ss494474890), and g.2629C>T (ss494474891). SNP g.2554T>C was selected for association studies. Only 1 polymorphism, g.15486C>T (ss494474891) located in exon 3, was identified in the CAPN3 gene (GGA5). This polymorphism is a synonymous mutation, and no amino acid change was detected.
In chickens, 118 and 152 SNPs have been described in CAPN1 and CAPN3 genes, respectively (NCBI, 2012). The new SNPs identified in this study were deposited in the NCBI SNP database (dbSNP -http://www.ncbi.nlm.nih.gov/snp/).
Descriptive phenotype, genotype and allele frequencies
The descriptive statistics (number of observations, mean estimates, standard deviations, coefficients of variation, and the minimum and maximum values) of the phenotypic traits are presented in Table 1 . Results from the F 2 population were highly variable for the traits under study, which was expected given that this population originated from a cross between a broiler line and a layer line. Table 1 . Descriptive information of phenotypic traits evaluated in the Embrapa F 2 population. BW35 = body weight at 35 days; BW41 = body weight at 41 days; BW42 = body weight at 42 days; Drums and thighs = weight of drums and thighs; Breast = breast weight with skin and bones; Carcass = carcass weight obtained from the sum of carcass parts; N = number of observations; SD = standard deviations; CV = coefficients of variation.
Genotypic and allelic frequencies associated with SNPs g.2554T>C (CAPN1) and g.15486C>T (CAPN3) are presented in Table 2 . Table 2 . Genotypic and allelic frequencies of polymorphisms g.2554T>C (CAPN1) and g.15486C>T (CAPN3) in chicken.
SNP association
Association results of SNPs in the CAPN1 and CAPN3 genes with traits evaluated in the experimental population are shown in Tables 3 and 4 , respectively. For SNP g.2554T>C, additive, dominance, and allelic substitution effects (P < 0.05) were observed for all traits described in Table 3 , with exception of the yield of drums and thighs, which exhibited a significant effect only for dominance (P < 0.05). SNP g.15486C>T showed significant additive and allelic substitution effects on yield of drums and thighs. Animals with the TT genotype had 0.90% higher yield of drums and thighs compared to those with the CC genotype ( Table 3 . Estimates of additive effects (α), deviation of additivity (δ) and average effects of allele substitution (β li ) of phenotypic traits of SNP g.2554T>C (CAPN1) in the Embrapa F 2 population.
*P < 0.05; **P < 0.001. BW35 = body weight at 35 days; BW41 = body weight at 41 days; BW42 = body weight at 42 days; Drums and thighs = weight of drums and thighs; Breast = breast weight with skin and bones; Carcass = carcass weight obtained from the sum of carcass parts.
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Commercial population
A commercial population was used to investigate the SNPs identified in the Embrapa F 2 population. Genotypes of the commercial animals were based on 2 polymorphisms selected in the CAPN1 and CAPN3 genes from the experimental population.
Descriptive phenotype, genotype and allele frequencies
The descriptive statistics (number of observations, mean estimates, standard deviations, coefficients of variation, and the minimum and maximum values) of the phenotypic traits are presented in Table 5 . Genotypic and allelic frequencies of the 2 polymorphisms g.2554T>C (CAPN1) and g.15486C>T (CAPN3) evaluated in the commercial population are presented in Table 6 Table 5 . Descriptive information of the traits evaluated in the commercial population. SW = selection body weight at 38 days; SBW = slaughter body weight; EBW = eviscerated carcass weight; BRT = breast weight; LW = leg weight; pHf = pH 24 h after slaughter; DL = drip loss; TL = thawing loss; TCL = thawingcooking loss; TWL = total water loss; L* = lightness content; a* = redness content; b*= yellowness content; MFA = muscle fiber area; MFD = muscle fiber diameter; MFN = muscle fiber number; SF = shear force; N = number of observations; SD = standard deviation; CV = coefficients of variation.
SNP association
Estimates of additive, deviation of additivity and allelic substitution effects for polymorphism g.2554T>C in the CAPN1 gene are presented in Table 7 . Allelic substitution of SNP g.2554T>C (CAPN1) had a significant effect on lightness (L*). Presence of the C allele, on average, increased meat lightness by 0.39 units in heterozygous animals. There was no significant effect (P > 0.05) of the other phenotypic traits that were evaluated. The same polymorphism showed additive and dominance effects (P < 0.05) on redness of meat (a*) and LW. Table 7 . Estimates of additive effect (α), deviation of additivity (δ) and average effects of allele substitution (β li ) of phenotypic traits of SNP g.2554T>C (CAPN1) in the commercial population.
*P < 0.05. SW = selection body weight at 38 days; SBW = slaughter body weight; EBW = eviscerated carcass weight; BRT = breast weight; LW = leg weight; pHf = pH 24 h after slaughter; DL = drip loss; TL = thawing loss; TCL = thawing-cooking loss; TWL = total water loss; L* = lightness content; a* = redness content; b* = yellowness content; MFA = muscle fiber area; MFD = muscle fiber diameter; MFN = muscle fiber number; SF = shear force.
Association results of SNP g.15486C>T in the CAPN3 gene are shown in Table 8 . A dominance effect (P < 0.05) was observed on TL% and TWL%. The allelic substitution effect (P < 0.05) was detected on TCL% and SF. Animals with the TT genotype had meat tenderness improved by 0.22 kg, and TCL decreased by 1.46% compared to the other genotypes.
In the present study, four SNPs were identified in the CAPN1 gene and one SNP in the CAPN3 gene, and the associations between these polymorphisms and performance, carcass and meat quality traits indicated the viability of using these markers as molecular tools to increase body weight, commercial cut weights, and meat tenderness.
The selection for performance traits may induce several changes in broiler meat quality (Dransfield; Sosnicki, 1999) , which has been one of the main factors considered by the poultry industry and consumers.
In this study, polymorphism g.2554T>C identified in the CAPN1 gene was associated with body weight at 35, 41 and 42 days, weight of drums and thighs, and carcass weight in the experimental population. This SNP, in the commercial population, was associated with body weight at 42 days, eviscerated weight, leg weight, water loss of meat by drip, and lightness and redness content of meat. Our results corroborate previous report by Zhang et al. (2008) , that described association of different SNPs in the CAPN1 gene with body weight, leg weight, carcass weight, and breast weight.
Le Bihan-Duval et al. (2008) found high, negative genetic correlations between breast yield and L*, DL, TCL, and SF (-0.55 ± 10, -0.65 ± 0.10, -0.80 ± 0.06, and -0.60 ± 10, respectively) indicating that selection for increased breast weight could improve water retention capacity and meat tenderness in chickens. According to Gaya et al. (2006 Gaya et al. ( , 2011 , the estimate of genetic correlation found between DL and a* (0.50) was indicative of a genetic association between these traits. DL and L* (0.19) did not show a significant genetic association. The traits EBW, LW and BRT showed high genetic correlations with BW42. According to these correlation estimates, the traits seem to be associated and able to respond to genetic selection, and SNP g.2554T>C may be used in broiler breeding programs.
The CAPN3 gene is expressed in skeletal muscle (Sorimachi et al., 1989) and is related to meat tenderness (Kemp et al., 2010) , muscular dystrophy and growth, and plays an important role in myofibrillar integrity (Poussard et al., 1996) .
The results of this study showed that the SNP g.15486C>T (CAPN3) located on chromosome 5 in chickens was associated with yield of drums and thighs in the experimental Table 8 . Estimates of additive effect (α), deviation of additivity (δ) and average effects of allele substitution (β li ) of phenotypic traits of SNP g.15486C>T (CAPN3) in the commercial population.
population. The same SNP was associated with meat water loss by drip and thawing, lightness content, and shear force in the commercial population. According to Gaya et al. (2011) , genetic correlation estimates found between TL and TCL (0.44) and between SF and L* (0.58) were indicative of significant genetic associations. TL and TCL showed high association with SF (0.77 and 0.80, respectively). However, these traits are able to respond to genetic selection, since the meat water losses can reduce shear force (Anadón, 2002; Gaya et al., 2011) . The SNP identified in the CAPN3 gene had significant effects on the growth and meat quality traits of broilers, and this mutation could be used as a candidate molecular genetic marker for genotypic selection. Zhang et al. (2009) identified 2 SNPs (11818T>A and 12814T>G) in the CAPN3 gene in outbred strains of chicken and found associations with body weight, carcass weight, breast muscle weight, and leg muscle weight. In chickens, the CAPN3 gene was highly expressed in muscle tissues of breast and legs at ages 0, 2, 4, 6, 8, 10, and 12 months (Zhang et al., 2012) .
In conclusion, the polymorphisms identified in the CAPN1 and CAPN3 genes appear to be in linkage disequilibrium with important economic traits in the populations studied and could be used in poultry genetic selection programs.
